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CALCULATION OF THERMODYNAMIC PROPERTIES
OF ARBITRARY GAS MIXTURES WITH MODIFIED
VIBRATIONAL-ROTATIONAL CORRECTIONS

By Dennis O. Allison
Langley Research Center

SUMMARY

Equilibrium thermodynamic properties are computed for mixtures of ideal gases
including ionization and dissociation. Vibrational-rotational corrections for diatomic
species are treated by using a modified method and results are compared with those
obtained by a direct-summation method. The modified method takes an order of magni-
tude less computer time and retains the accuracy of the direct-summation method.
Thermodynamic properties are also computed with the rotating harmonic-oscillator model
for the diatomic species for comparison purposes. Calculations are made for tempera-
tures up to 15 0000 K and pressures up to 100 atmospheres. It is shown that the present
diatomic corrections account for most of the difference between the rotating harmonic-
oscillator and the virial methodology results for the temperatures and pressures con-
sidered. Results are given for three gas mixtures: 100 percent COg, a ""Mars" atmos-
phere, and air.

INTRODUCTION

Equilibrium high-temperature thermodynamic properties of arbitrary gas mixtures
are required for the study of flight in planetary atmospheres such as the atmospheres of
Earth, Mars, and Venus. Many calculations have been carried out for air (refs. 1 to 10)
and a few for model atmospheres of Mars and Venus (refs. 11 to 13). Most of these
calculations include the effects of approximate vibrational-rotational corrections for the
diatomic species. These corrections are usually made by using the method of Mayer and
Mayer (ref. 14).

Diatomic corrections in this paper have been freated by a direct-summation method
as well as by a modified method. The derivation of the method of Mayer and Mayer
(ref. 14) contains an intermediate step which closely resembles the present modified
method for diatomic corrections. Also references 15, 16, and 17 give properties of Ng
and O2 obtained by using essentially the modified method. In the present paper, results



based on the direct-summation and modified methods as well as on the rotating harmonic-
oscillator method (using the harmonic-oscillator energy plus the rigid-rotor energy) are
compared with one another. The direct-summation method is taken to be the most accu-
rate of the three methods for the temperature and pressure ranges considered. Both the
direct-summation and the modified method employ an approximate cutoff criterion to
terminate the summations. This approximation is shown to have a negligible effect on
the accuracy of mixture properties under the conditions of the present calculations.

The assumption of a mixture of ideal gases is made and dissociation and ionization
are included. Twenty-six species are considered: Ng, Og, NO, CO, CN, CO9, N, O, C,
Ar, Nao*, Opt, O27, NO*, CO*, Nt, N**, O*, O++, O-, C+, C*++, C-, Ar*, Ar*+, e”. Calcu-
lations are made for temperatures up to 15 0000 K and pressures ranging from 10-4 to
102 atmospheres. The White method (sometimes called the RAND method, ref. 18) is
used to determine the equilibrium composition of the mixture at a given temperature and
pressure by minimizing the Gibbs free energy. Molecular-weight ratio (sometimes called
compressibility factor), nondimensional enthalpy and entropy, mass density, and electron
number density are computed for the mixture. In the previously described calculations,
the Gibbs free energy and enthalpy for individual species are computed from the partition
function of statistical mechanics.

The computer program is set up in such a way that the composition of the gas is
specified by input quantities and thermodynamic properties can be computed for arbitrary
gas mixtures. Calculations were made for air, CO9, and a ""Mars' atmosphere. Carbon
dioxide is of interest since model atmospheres for Venus and Mars have been proposed
with a 100-percent COg composition. Results from the direct-summation, modified, and
rotating harmonic-oscillator methods are compared for the three mixtures as well as for

the species Ng and Og.

A more sophisticated gas model than the present one has been used by others in
recent air calculations (refs. 7 to 10); for example, Browne (ref. 8) used the virial
methodology for diatomic species at high temperatures. The present results for air are
compared with those of Browne as an accuracy check. In addition, comparisons are made
with the results of Gilmore (refs. 1 and 5) who used the assumption of a mixture of ideal

gases.
SYMBOLS

ajk number of atoms of component k per particle of species i

bk number of moles of component k per mass of mixture, moles/g

c speed of light, 2.99793 x 1010, cm/sec



dissociation energy, cm-1

internal energy per mole of species i, ergs/mole

Gibbs free energy per mole of species i, ergs/mole

Gibbs free energy of mixture (per mole of undissociated mixture), ergs/mole
degeneracy of an energy level

Planck's constant, 6.62517 X 10-27  erg-sec

standard heat of formation at T = 00 K per mole of species i, ergs/mole
enthalpy per mole of species i, ergs/mole

enthalpy of mixture (per mole of undissociated mixture), ergs/mole
rotational quantum number

Boltzmann constant, 1.38044 X 10-16 ergs/deg

total number of components in mixture

molecular weight, g/mole

molecular weight of undissociated mixture, g/mole

total number of species considered

electron number density, cm=3

Avogadro's number, 6.02322 X 1023, mole-1

pressure, dynes/cm?2

reference pressure (taken to be 1 atmosphere in this paper), 1.01325 x 106,
dynes/cm?2

partition function

universal gas constant, Ngk, ergs/mole-deg

entropy per mole of species i, ergs/mole-~deg

entropy of mixture (per mole of undissociated mixture), ergs/mole-deg

absolute temperature, °K



To reference temperature, 273.15, °K

v vibrational quantum number

\'% volume, cm3

Vi number of moles of species i per mass of mixture, moles/g

vy total number of moles per mass of mixture, moles/g

Z molecular weight ratio

A property difference

€ energy, ergs

(Ve) difference in energy of minima of potential curves of ground state and Zth
electronic state, cm-1

v Lth electronic energy level, em-1

p mass density, g/cm3

Po reference mass density, ?—RpD’IZ’ g/cm3

o symmetry number

We,WeXe,Be,0e,De spectroscopic constants for vibrational-rotational energies, ecm-1

Subscripts:

i species index

int internal

k component index

l electronic energy level index

max maximum value

rot rotational

s quantum energy state

tr translational



vib vibrational

w vibrational frequency index
" METHOD

Model of Arbitrary Gas Mixture

Calculations are made by assuming a mixture of ideal gases for temperatures up
to 15 000° K and pressures from 10‘4pO to 102po. A given gas mixture is derived
from atomic elements or components with electrons taken to be a component when ioniza-
tion is considered. The components and chemical combinations of the components,
including positive and negative ions, form the list of species. All species which can form
in appreciable amounts at the temperatures and pressures of interest should be included.
Five components (N, O, C, Ar, e~) and 26 species are considered in the present work: N,
O, C, Ar, Ng, Og, NO, CO, CN, CO9, N*, N*+ Ot O**, O-, Ct, C**+ C-, Ar*t, Artt, Not,
09*, 097, NO*, CO™, e~.

It is well known that translational and internal modes must be considered for each
species where rotational, vibrational, and electronic states are the internal modes. The
energy modes of a given species will appear in its partition function from which thermo-
dynamic properties are computed.

All thermochemical and spectroscopic constants used in the calculations are given
in tables I to III with source references.

Partition Functions

The partition function Q for any one species is defined as the following sum over
all the quantum energy states of the species:

Q= Z gge € s/KT (1)
S

Since the translational energies are independent of the internal energies, the parti-
tion function can be written as a product of a translational and an internal partition
function

Q = Q@ (2

The translational partition function takes the familiar form (ref. 19)
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The internal partition function differs for the three types of species: atomic,
diatomic, and linear triatomic. For atomic species only electronic states are considered
in Qju¢; therefore,

he

-y
Qint '-'Zgle kT 4
l

where the sum should be taken over all electronic energy states which are significantly
occupied at the temperatures and pressures of interest. Since the reasoning of Gilmore
(ref. 1) is followed, all levels for which the principal quantum number is less than or
equal to 5 are included. In addition to observed levels (ref. 20), a large number of
missing levels that could be approximated by extrapolating along the isoelectronic
sequences (ref. 21) are included. All levels for which the energies are greater than the
ionization potential were omitted and many of the high energy levels were grouped
together by adding their degeneracies and assigning them an average energy. Further
discussion of the electronic energy levels used can be found in appendix B of reference 22.

For diatomic species the internal partition function includes vibrational and rota-
tional energies

he ,

Qint = Z(Qvib,rot)l gze_kT ‘ (5)
I

Electronic energy levels with 1; > 90 000 ecm~1 were not included. For each electronic

energy level
Vmax ](V)max

Quib, rot = & z Z g(v,j)e € (V:1)/KT (6)
v=0 j=0

where v and j are the vibrational and rotational quantum numbers, respectively, and
o is the symmetry number (refs. 14 and 23). For a given v and j

gv,j)=2j+1 (7

and, if the third and higher powers of v and j(j +1) are neglected, the vibrational-
rotational energy is

e(v,j) = hc[(we - wexe)v + (Be - %ae)j(j +1) - wexev2 - agvi(j +1) - Dejz(j + 1)%' (8)
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which is useful for values of v and j that significantly contribute to thermodynamic
properties. Use of this quadratic energy expression is justified in the section
"Comparison With Other Results." The first two terms are the harmonic-oscillator
and rigid-rotor energies, respectively, and the last three terms are first-order correc-
tions (refs. 14 and 23). The heat of formation hyi includes the constant terms which
do not appear in equation (8). The spectroscopic constants satisfy the inequalities

we >> WeXe > Bg >> 0 >> De (9)

Since we, wegXqe, B, and o are available in the literature, it is convenient to deter-
mine Dg interms of these quantities. The Morse potential can be used to obtain the
approximate equation for Dg (refs. 14 and 23)

De =—L . (10)

which is used throughout the calculations. To complete the expression for Qvib,rot’
Vmax and j(v),x must be specified. The partition function Qvib,rot is not very
sensitive to these upper limits on v and j because ¢(v,j) appears as a negative
exponent in equation (6). Therefore, approximate values of v, .. and j(v)max can be
used. First, the dissociation energy D, is needed for each electronic state. The
ground state D, is generally known, but D, for excited electronic states is not
readily available and approximate values were determined as follows: Consider the
energy expression (eq. (8)) for j=0

e(v,0) = thwe - WeXe)V - wexevé] (11)

and notice that as v increases, ¢(v,0) reaches a maximum and then decreases. (See
fig. 1(a).) This highest energy value is taken to be the dissociation energy hcDy; thus,
D, is given by

- 2
D, = (Ye = WeXe)” (12)
4weXq

for excited electronic states (ref. 23). This expression can also be obtained by using a
Morse potential. Approximate values of vpyax and j(v),ax Were obtained by allowing
all v and j for which the sum of the harmonic-oscillator energy plus the rigid-rotor
energy is less than the dissociation energy hcD,,; that is,

(we - weXxe)v + (Be - -O;ﬁ)j(j +1) < D, (13)



For the ground state, an experimental value of D, is used, and the D, from equa-
tion (12) is used for an excited electronic state. The upper limit v, is taken to be
the largest integer for which equation (13) is satisfied for j =0. For all v £ vpax,
j(v)max is taken to be the largest integer for which equation (13) holds. Figure 1 shows
graphically how vy, and j(v)max are determined for an excited electronic state. In
figure 1(a) the curved line is used to determine Dy for excited electronic states as
explained above. The straight line corresponds to the harmonic-oscillator energy and is
used to determine vy,5x for the ground electronic state as well as for the excited elec~
tronic states. Thus, for excited electronic states, v,5¢x happens to be only one-half
the magnitude of the v at which €(v,0) reaches its highest value. ¥ v, were any
larger, unrealistic (negative or imaginary) values of j(v)jax Wwould result from equa-
tion (13). Figure 1(b) shows how the maximum value of j(j + 1) and consequently of j
is determined for a given v. A maximum j is determined for each v from v =0

to v = Vmax:

Use of this vibrational-rotational cutoff criterion is justified in the section
"Comparison With Other Results." The quantity Qvib,rot can now be computed from
equation (6). Unfortunately, j(v)mgx is about 100 whereas vy, ., is approximately 25;
thus, an excessive amount of computer time is required to compute Qvib,rot for each
electronic energy level. To eliminate this difficulty, equation (6) was approximated to
eliminate the summation over j. The approximations are discussed and the derivation of
the following modified expression for Qvib,rot is presented in the appendix:

Vmax
he
-1 “Rllve-vexelv-vener?] KT 8Be3k2T? 1
Q = e + +=  (14)
vib,rot helB 1 2h2:2(B 1 3 3
= ¢(Be - 3% - cev)  wehZe2(Be - Joe - acv)

Equation (14) is a compromise between the direct-summation method (eq. (6)) and the
method of Mayer and Mayer (ref. 14). It is a useful approximation in that little computer
time is consumed by the summation over v and the resulting mixture properties are
almost the same as those computed with equation (6). The rotating harmonic-oscillator
approximation can be made by omitting the correction terms in €(v,j) (eq. (8)), and
letting viax = i(V)max = < therefore, equation (6) becomes

0 o hc .
we-wexe)v Be- 50 Ji(j+1)
Quib, rot Z% Z Z (25 + e kT( ’ ) (15)

The summation over v has a closed form whereas the summation over j is usually
approximated by an integral (ref. 19) which is equivalent to the first term of the



Euler-Maclaurin summation formula. (See appendix.) For a given electronic energy
level, the result is
-1

_he
[ B (ve-wexe) 1
Qvib,rot = 5|1 - € KT }ﬁ—%(Be - %%) (16)

Mixture properties computed from each of the forms of Qyjp rot for diatomic species
(eqs. 6, 14, and 16) are compared in the section ""Results and Discussion."

Linear triatomic species are assumed to have only a ground electronic state and the
harmonic-oscillator rigid-rotor model is used for the vibrations and rotations. Since a
linear triatomic species has four independent vibrational frequencies, the vibrational
partition function will be a product of four contributions as indicated in the following
equation:

he
Qint = 5 O[E'f 2%] ﬂ e-ﬁ(we-wexe)W (17)

which is derived in the same way as equation (16).

Species Properties

The expressions for species properties in terms of the partition function can be
found in textbooks on statistical mechanics. The internal energy per mole of species i

is
9 log,. Q; 2/9Q;
ej = RTz(Tg,I?—I-) +hgi = RTQL(_a%) + hoj (18)
v 1 A%
and the enthalpy per mole is simply
h; =ej +RT (19)

Entropy per mole is arbitrary to within an additive constant and is usually taken to be
(refs. 1, 8, and 19)

- [~] !1 +

The Gibbs free energy can be determined from equations (19) and (20) as

f; =hj - Tsj = -RT logg Q + hoj (21)



The Gibbs free energy and enthalpy are needed in determining the equilibrium composi-
tion and mixture properties.

Equilibrium Composition

To determine equilibrium at a constant temperature and pressure, the Gibbs free
energy of the mixture is minimized, subject to the following constraints on the compo-

nents:

n
bk = Z A k¥i (k = 1,2,. . .,m) (22)
i=1

The Gibbs free energy of the mixture is an additive quantity

F =M, vifil pl, = z yll:RT loge Q1 pl, +h ] (23)
1.._

where p; is the partial pressure of species i. According to equations (2) and (3), Q
is proportional to 1/p and equation (23) can be written as

n
F = My Z yil:-RT loge Qi(po,T) + RT logg i?; +RT log, —}?pl + ho§ (24)

The ideal gas law for species i and Dalton's Law give

bj

P (25)

«],ss

where y = Z yi- Thus the Gibbs free energy depends on temperature, pressure, and
i=1
y; as follows:

n
F=M, Z yil:—RT loge Qi(po,T)+ hoj + RT loge II:-—O + RT loge z?ﬂ (26)
i=1

Notice that Qi(po,T) in equation (26) does not depend on p and needs to be computed
only once for a given T.

The equilibrium concentrations are determined by minimizing F (eq. (26)) sub-
ject to the constraints (egs. (22)). Since equation (26) is nonlinear, a numerical technique
was used to minimize F. This technique, often called the RAND method or the method
of White (derived in ref. 18), is widely used and has been shown to be equivalent to two

10



other popular methods (ref. 24). An initial guess consistent with equations (22) must be
made for y;. A Taylor's series expansion of F about the initial y; is then minimized

to find a better set of y; values. Iterations continue until the absolute value of each
yj changes by less than 10-7 between successive iterations. This criterion requires

that the concentrations y; of major species be accurate and is referred to as the abso-

lute criterion. A relative criterion is also required in order to prevent termination of

the iterations while a minor species is still changing by 0.1 of its previous value. Once

the equilibrium set of y; is known, the mixture properties can be calculated.

Equilibrium Mixture Properties

Density can readily be computed from the equation of state

Entropy is relatedto F and H by

Molecular-weight ratio Z, sometimes called compressibility factor, is given by
My
aky =M,

Electron number density Ng, the number of electrons per unit volume, is

where the subscript 1 refers to electrons. The Gibbs free energy F is given by
equation (26).

(27

(28)

(29)

(30)

(31)

11



RESULTS AND DISCUSSION

Thermodynamic properties were computed three times for each gas mixture, the
diatomic species being treated by the direct-summation, modified, and rotating harmonic-
oscillator methods (eqs. (6), (14), and (16)). Calculations were made for air, CO9, and a
Mars atmosphere. The composition of air is the same as that in references 1 and 8,
except that neon has been omitted, and is 78.086 percent N9, 20.947 percent O,

0.934 percent Ar, and 0.033 percent COy by volume. The Mars atmosphere was based
on the work of Kaplan reported in reference 25, and has the following composition:
25 percent Ng, 32 percent Ar, and 43 percent COg by volume.

For N9 and Og at atmospheric pressure (p = p,), Gibbs free energy and enthalpy are
presented in figures 2 to 5. Properties for all three mixtures and all three methods are
given in tables IV to XIII. Comparisons of the modified results with other calculations
are made for air in tables XIV to XVII. Finally, a sample Mollier diagram for the Mars
atmosphere, computed by using the modified method, is given in figure 6. Detailed
discussions of the tables and figures are given in the following sections.

Diatomic Species Properties

Ten diatomic species were considered: Ng, Ng*, Og, Og*, 09~, NO, NO*, CO,
CO*, and CN. Comparisons of the direct-summation, modified, and rotating harmonic-
oscillator results for Ng and Og at p =p, are given infigures 2 to 5. These species
were chosen because N2 has a high dissociation energy and Og has a low dissociation
energy. Infigures 2 to 5 the property computed by the direct-summation method is pre-
sented in the upper graph. In the lower graph, the value of the quantity calculated by a
given method minus that from the direct-summation method is plotted. This difference,
denoted by Afj /RT or Ahj /RT, is plotted on a magnified scale. Differences are
plotted for the rotating harmonic-oscillator, the modified, and Browne's (ref. 26) results.
The results of Browne (ref. 26) are included since he essentially used the Mayer and
Mayer method (ref. 14) and, in addition, all input constants for diatomic species used in
the present work (tables I and III) are the same.

An important point illustrated by figures 2 to 5 is that for a given diatomic species,
the difference between the modified and the direct-summation results is significant only
at temperatures higher than that at which the species appreciably dissociates in a mix-
ture of ideal gases. Thus, the modified-method results agree well with the direct-
summation results for temperatures at which a given species concentration is not negli-
gible. This behavior was observed for the 10 diatomic species considered for mixture

pressures up to about 100 atmospheres.

12
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Mixture Properties

Reciprocal molecular weight ratio, nondimensional enthalpy and entropy, logarithm
of density ratio, and electron number density are given in tables IV to XIII for COg9, the
Mars atmosphere, and air. Three values are given for each mixture property to com-
pare the three methods for treating the diatomic species. The following discussions are
based on results for mixture pressures from 10'4po to 102Po- Above 102po, the
assumption of a mixture of ideal gases breaks down (ref. 9). However, 10‘4p0 is not a
lower limit on the validity of the assumptions but about the lower limit for which results
for air have been independently checked.

The direct-summation method is considered to be the most accurate of the three
methods for computing properties. Examination of results for temperatures from
1000° K to 15 000° K shows that properties computed by the modified method generally
agree with those computed by the direct-summation method to well within 0.1 of 1 per-
cent. Differences between the direct-summation and the rotating harmonic~oscillator
method are generally within 1 percent except for electron number density which differs by
almost 2 percent in some cases. Notice that the enthalpy of the CO9 mixture at p = 10p,
(table VI) differs more with choice of method than do the enthalpies of the other two
mixtures. For example, at 3000° K the differences between the direct-summation and
the rotating harmonic-oscillator methods for H/ZRT are about 0.07, 0.04, and 0.03 for
CO9, Mars, and air, respectively. These differences are clearly more meaningful than
percent differences since H/ZRT passes through zero (changes sign) near 3000° K for
CO9 and Mars. The agreement of mixture properties regardless of method at 15 0000 K
is primarily due to the small quantity of diatomic species present for p £ 102po.

In all cases the absolute convergence criterion was used in the equilibrium compo-
sition calculation. In addition, the relative criterion was used in all three calculations
for COg and only in the modified calculations for Mars and air. Consequently, some
electron number density values in the direct-summation and rotating harmonic-oscillator
calculations for Mars and air were not comparable with the modified values. Those
values were recomputed by using the relative criterion and the revised values are denoted
by footnote a in tables XII and XTII.

None of the thermodynamic properties examined depend on the second partial
derivative of the partition function with respect to temperature. Such properties include
specific heat and would be expected to be more sensitive to the method of computation
than those examined herein. A direct method for computing specific heats and related
thermodynamic properties (using the present modified method for diatomic species) and
the results obtained are given in reference 27.

13



Comparison With Other Results

The results in tables XIV to XVII are for air at various temperatures and two
representative densities. Since the present paper takes temperature and pressure (not
density) as independent variables, the data in tables XIV to XVII were generated by using
the pressures computed by Browne. Comparisons of the present modified-method
properties with those of Browne (ref. 8) and Gilmore (refs. 1 and 5) show agreement
to within a few tenths of a percent except for electron number density. The present
electron number density generally agrees with that of Browne (ref. 8) to about 0.5 percent.
The 1.1-percent difference at logjg -gL =0.000 and T = 3000° K (table XVII) appears
to be caused by numerical round-off ez?ror in the electron concentration variable yq
which is small for high-density low-temperature conditions. The electron number den-
sity of Gilmore (refs. 1 and 5) disagrees with both the present results and those of Browne
by as much as 8 percent in some cases. The fact that the present results agree better
with those of Browne than with those of Gilmore is due to the use of thermochemical and
spectroscopic constants (tables I to III) which are substantially the same as those used in
the more recent work of Browne. Below about 10 0000 K, the differences are primarily
due to differences in diatomic species properties. At higher temperatures, atoms and
atomic ions predominate and atomic-energy-level data become important. Properties
above 15 0000 K have been included for comparison but are felt to be approximate because
of the uncertainties in data for high energy levels and the assumption of a mixture of

ideal gases.

Since the rotating harmonic-oscillator results differ from the modified results by
up to 2 percent, and the modified results agree to within 0.5 percent with Browne's
virial results for air, the following conclusion seems evident. The present diatomic
corrections account for most of the difference between the rotating harmonic-oscillator
and the virial methodology results for the temperatures and pressures considered. This
observation supports the use of the quadratic energy expresssion (eq. (8)) and the approxi-
mate vibrational-rotational cutoff criterion used for diatomic species.

Comparison of Three Mixtures

It is of interest to observe some of the similarities and differences among the three
mixtures at a given temperature in tables IV to XIII. Reciprocal molecular weight
ratio 1/Z is closest to unity for air and deviates most from unity for COg. This devia-
tion occurs because undissociated COg is triatomic whereas air is essentially diatomic.
As dissociation takes place, the molecular weight of the CO9 mixture changes more than
that of air. Note that the enthalpy H/ZRT of COg and the Mars atmosphere is negative
at low temperatures since the COg species has a negative enthalpy resulting from its
negative heat of formation. The entropy S/R of the COg mixture is seen to be higher

14



than that of air or the Mars atmosphere at all temperatures considered. The density
log1g pﬂ is about the same for all three gas mixtures, especially at low temperatures.
o]

The CO9 mixture at low temperatures has an order of magnitude smaller electron
number density Ng than air and the Mars atmosphere. At high temperatures, however,
the N, values for all three mixtures are about the same. The Ng values are excep-
tionally close together for the highest temperature (T = 15 000° K) and the lowest pres-
sure in the tables (p = 10-3p,).

CONCLUSIONS

Tt is known that vibrational-rotational corrections for diatomic species must be
considered in order to compute thermodynamic properties of mixtures of ideal gases
accurately. Specific conclusions concerning these corrections are as follows:

1. The modified method results generally agree with those of the direct-summation
method to well within 0.1 of 1 percent for the mixture properties examined.

2. The modified method requires about an order of magnitude less time than that
used by the direct-summation method.

3. The rotating harmonic-oscillator results differ from the direct-summation
results by up to 2 percent for mixture properties. However, specific heat and related
quantities should differ by greater percentages.

4. Mixture property results for air using the modified method for diatomic species
generally agree with Browne's virial methodology results and Gilmore's mixture-of-
ideal-gases results to about 1/2 percent.

5. The present diatomic corrections account for most of the difference between the
rotating harmonic-oscillator results and Browne's virial methodology results.

6. At high temperatures, the electron number density N 1is about the same for all
three mixtures, especially for low pressures.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 7, 1966.

15



APPENDIX

MODIFIED-METHOD PARTITION FUNCTION

The modified expression for Qyip rot for diatomic species is derived in this
appendix. Equations (6), (7), (8), and (10) can be combined and rearranged to yield

g—LJZ(Jﬂ)Z

2] i) max he ( e'%ﬂ’e )J(J+1) e (A1)

Vmax
(we-weXe)V~weXeV -—=(B
% Z e |: ) (2§ + 1)e kT

v=0 1=0

Qvib,ro =

In order to save computer time, it is desirable to replace the sum over j with an
analytical expression. To this end, the upper limit on j was changed to infinity

iM)max = © (A2)
and the smallest vibrational-rotational correction term was approximated by using the
first two terms of the exponential expansion:

he 4Be” z 2

kT i+ he 4Be ’ 2

e Sl —oi%G + 1)2 (A3)
We

This expansion (used by Mayer and Mayer, ref. 14) was made to avoid divergence of
the infinite summation. However, no other exponential expansions were made in the
present modified method. The infinite (convergent) summation over j can be accurately
approximated by using the Euler-Maclaurin summation formula for function £(j):

N R _5 16)d +1£0) - L(0) + Lot (@) (a4)
_0 )

as given in reference 14 (p. 152). Application of equation (A4) to the combination of
equations (Al) to (A3), terms in negative powers of T being neglected, results in the

expression

Vmax _hc : 2
1 R e‘ﬁ[(we'“’exe)v'wexev:l( kT + 8Be3k2T2 1 (A5)

Qvib,roi: =5 373
= klc(Be - ﬂze;_ CYeV> wezhzcz(Be - % - C"e")

Terms in negative powers of T are neglected because they are small and inconsistent
with the symmetry number (o) approximation. Application of equation (A4) is valid only

16



APPENDIX

for values of v for which

Be-%e—ozev>0 (A6)

The integral term in the Euler-Maclaurin summation formula will be infinite if this
inequality does not hold for all values of v up to and including vy,5%. This inequality
was found to hold for every electronic state of each diatomic species as given in table III
with one exception: the C2z* state of No*. The value of vpax Wwas reduced from
34 to 30 for that state in order to satisfy equation (A6).

When the enthalpy of a diatomic species is computed, the temperature derivative of
Qvib,rot is needed. This derivative is obtained by taking the temperature derivative of
equation (6), summing j to infinity by using the exponential expansion equation (A3),
applying equation (A4) to the summation over j, and then neglecting terms in negative
powers of T. The resultis

Vmax
3Quib,rot _ 1 h KT 8Be3k2T2
et~ Z k;E“’e T WeXe)v - wexevz:l 1 * — 3 +§L
v=0 hc(Be - 5% " O'eV> wezhzcz(Be - %ae - aev)

he 9|
KT 16B. k212 384B,6Kk3T3 “WT [(we-weXe)V ~WeXeV J
+ * i} € (A7)

hc(Be - %ae - Otev) wezhzcz(Be - %ae - ozev)3 we4h3c3 (Be - ’]2*0'13 - aev)

17
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TABLE I.- ATOMIC AND MOLECULAR CONSTANTS

Eloi for CN is from ref. 29; hy; for C~ is derived
from ref. 30; hg; for all other species is from ref. 3]]

Species

Artt
N2
No+
O2
09™
09~
NO
NO+
CcoO
cot
CN
COg

Symmetry

number,

DN = = = = = DN DN NN

(o

M;,
gm/mole

b5 4847 x 1074
14.008 x 100
14.007
14.007
16.000
15.999
15.999
16.001
12.011
12.010
12.010
12.012
39.944
39.943
39.943
28.016
28.015
32.000
31.999
32.001
30.008
30.007
28.011
28.010
26.019

hoj,
ergs/mole

0
4.70729 x 1012
18.72607
47.28830
2.46741
15.60389
49.47996
1.05410
7.11238
17.97182
41.49225
5.89944
0
15.20235
41.85170
0
15.03336
0
11.62808
-.96232
.89860
9.82403
-1.13813
12.38367
4.56056
-3.93146

D, for
ground state,?

aThe ground-state dissociation energies D, for diatomic species

are from reference 32.

bM; for e~ is from reference 28, page 3083.




TABLE II.- ATOMIC ENERGY LEVEL CONSTANTS

g, | ¥ g v & v g i g 0
em-1 ¢ em-1 em~1 cm-1 cm-1
Species e~ Species Nt Species N++ Species O Species O*+
2 | 0 9| 109 220 2| 301088 || 15| 102908 9 0
Species N 5| 144189 || 32 | 310500 9| 103 869 5| 20271
12 | 149 000 4| 314224 || 15| 104 000 1| 43184
4 0 3| 155130 || 22| 317550 || 25| 105385 5| 60312
10 | 19 225 3| 164612 || 14 | 320288 || 15| 105408 || 15| 120 050
6| 28840 )| 13 | 166 650 10 | 321 040 56 | 106 000 9| 142383
12 | 83330 3| 168893 || 30| 320000 || 56| 107 000 5| 187049
1: gg izg 9 | 170 620 22 | 333 300 Species O 3| 197 087
174 212 22 | 336 290 3| 210459
2 | 93582 178274 || 20 | 339550 || * O 1l 12| 270 000
20 | 94800 | 41| 187090 || 48 | 343000 || 10| 26820 9 | 283 900
12 | 95500 | 16| 189100 | 24 | 348000 61 40465 96 | 294 000
4| 961752 3| 190121 || 32 | 364000 || 12| 120000 1 4, | 303 000
10 | 96810 ||l 13| 1973200 || 12 | 368620 || 10| 165990 1l 4 | 343401
6| 97800 || 30| 203000 || 22 |374000 || 12| 185400 || 551 357 000
10 | 99660 || 91 | 205700 || 52 | 379 000 61 189000 | 44 | 332 000
18 | 104 000 |} 153 | 210 500 2 | 380 700 21195710 1 45| 338 700
34 | 104700 | 15 | 214 828 Species O 2| 208 942 1| 343303
5 | 105000 || 15 | 218 000 42 | 207 600 o | 350 200
22 | 106 600 || 546 | 220 500 || ° 0 || 26 212800 )) 45 | 357 500
16 | 107200 || 37 | 293 000 3 159 2| 226851 || 4o | 365 000
16 | 107 600 15 | 226 000 1 227 24 | 230 000 48 | 370 500
54 | 109 600 15 | 228 000 5 15 868 80 | 232 700 158 | 380 000
12 | 109 860 14 | 230 300 1 33 792 16 | 233 900 62 | 394 000
106 | 110 350 5 | 234 250 5 73 768 18 | 239 600 90 | 398 000
132 | 111 600 - 3 76 795 40 | 245 500 558 | 403 400
136 | 112 200 || Species N** 15 | 86630 || 20 | 248000 || o5 | 495 000
6 | 112 310 6 0 9 88 630 6 | 250 300 311 | 430 000
68 | 112820 | 12 | 57 280 5 | 95476 || 32 | 251900 || .o | 438 000
30~ | 112910 | 10 | 101 026 3| 96226 || 44 | 254000 || 15 | 440 710
2 | 113 600 2 | 131044 || 36 | 97420 | 84 | 255500 .
10 | 113 900 6 | 145 920 15 | 97488 || 116 | 256 000 Species O~
14 | 117 000 4 | 186802 || 15 | 99094 || 18 | 258 100 6 0
“Species N 10 | 203 078 9 | 99680 || 10 | 259 300 Species C
2 | 221 302 9 | 100000 | 72 | 261 500
9 0 6 | 230407 || 15 |101140 |l 166 | 265 500 9 0
5 | 15316 6 | 245 690 5 102116 || 134 | 270 000 5| 10194
1| 32687 | 19 | 267 242 3 |102 412 || 142 | 276 500 1] 21648
5 | 47168 § 15 | 287 650 5 1102662 || 24 | 283 000 5 3875
15 | 92245 || ¢ | 297210 | 25 |102 865 9 | 60360
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TABLE II.- ATOMIC ENERGY LEVEL CONSTANTS — Concluded

Vl, Vl’ Vl’ Vl, VZ’
& em-1 & em-1 & cr'm"1 & em-1 & cm-1
Species C Species C* Species C*+ Species Ar Species Art
3| 61982 || 12| 135800 || 61| 322550 || 12| 116960 || 48| 200 000
15| 64090 || 20| 136 000 5| 324 212 8| 117170 || 18| 205 000
3| 68858 4| 142024 || 12| 328000 1| 117 563 6| 208 593
15| 69700 || 10| 145551 || 31| 333000 || 16 | 118530 || 220 | 210 000
3| 70744 || 10| 150465 || 15| 337626 || 36| 119300 || 50| 215000
9| 71365 21157234 || 13| 340000 || 56 | 120250 || 70| 220 000
5| 72611 6 | 162 522 7| 341368 || 20 | 120700 |t Th
1| 7397 || 12| 167 000 3| 343256 || 32 | 121 750
9| 75256 || 10| 168124 || 30 | 345000 || 36 | 122 200 5 0
5| 77681 || 20| 168900 || 60 | 346600 || 56 | 122 700 8| 1112
9| 78130 2 | 173 348 7 | 348000 || 20 | 123 500 11 1570
21| 78230 6| 175203 || 12| 376600 || 28 | 124 136 5| 14010
18| 78320 || 16 | 178350 | 18 | 381500 | o - N 1| 33267
pecies Ar 9 | 114 400
10| 78600 || 32 | 179000 || 13 | 384345
9| 79318 || 26| 182000 || 34 | 386 000 6 0| 10] 128000
e el e I
12| 81200 || 12 | 186 450
s | s1770 || 10 | 188 600 6 o || 12 | 134 800 5| 174 375
1| 82252 || 30 | 195500 || Species Ar 6 | 138600 || 15 182000
s3 | 83800 || 20 | 196 572 : || 28 | 142700 | 75| 189 500
103 | 82000 |5 ors o B 6 | 145200 || 15| 196 600
30 | 84 940 pecies 5 | o3 a1 12 | 147 650 5 | 200 000
6 | 85 400 1 0 10 | 148750 || 18 | 204 700
503 | 86 400 9 | 52360 ; g‘; 233 10 | 150 000 || 21 | 208300
10 | 86 500 3 | 102 351 2| g oy || 12| 185 160 27 | 210 800
9 | 137 420 30 | 158300 || 33 | 214 500
Species C* 5 | 145875 || 12 | 105500 §i 19 | 161000 || 46 | 224 500
6 0 1 | 182 520 8 | 106 150 2 | 167 309 9 | 231 500
12 | 43030 3 | 238 161 1107054 || 14 | 170 600 5 | 235000
10 | 74931 1 | 247 170 8 | 107220 || 96 | 173000 || 26 | 240 000
2 | 96494 3 | 258 931 4 1108000 || 38 | 174800 || 50 | 246 036
6 | 101 800 9 | 259 662 4 | 111 280 6 | 179700 || 91 | 251 000
6 | 110650 || 15 | 269960 || 16 [ 111750 | 49 | 183000 || 24 | 258 000
2 | 114 900 5 | 276 843 8 1112900 || 6o | 186000 || 127 | 270 000
2 | 116538 || 15 | 300100 || 20 | 113550 || g5 | 190200 || 121 | 278 500
14 | 119 400 1 311721 || 16 [114750 |l 34 | 192200 || 116 | 282 000
6 [131731 || 12 |318700 8 1115000 | 490 |194 000 || 111 | 286 000
3 | 116660 || g4 |196000 || 524 | 302 000




TABLE III.- MOLECULAR ENERGY LEVEL CONSTANTS*

(}m constants were assembled by W. G. Browne in refs. 26 and 33.
His source references are given in this table for convenience:]

Electronic Vi Be, e, We, WeXe,
state | | om-1 | em-1 | cm-! | em-l | em-l | Tererence
Species Ng
X12g+ 1 0 1.998 | 0.017 2358.07 | 14.19 34
A3Ty* 3 | 49 757 1.440 .013 1460.37 | 13.89 34
B3Mg 6 | 59314 | 1.638 | .0184 | 1734.11 | 14.47 34
alng 2 | 68953 1.6182 .0183 1693.70 | 13.83 34
a'ls,- 1 | 70 700 1.480 .0164 | 1530.00 12.00 34
c3my 6 | 87984 1.8258 | .0197 | 2035.10 17.08 34
Species Ng+
X22g+ 2 0 1.9322 | 0.0202 | 2207.23 16.22 35
Azﬂu 4 9 020 1.722 .0180 1902.84 | 14.91 35, 1
B22’u+ 2 | 25570 2.083 .0195 | 2419.84 | 23.19 35, 23
C2z+ 2 | 64550 1.650 | .0500 | 2050.00 | 14.92 35, 23, 26
Species 02
X3Eg' 3 0 1.4457 | 0.0158 1580.36 12.07 23
alAg 2 7 882.4 | 1.4264 .0171 1509.30 | 12.90 23
blzg* 1 | 13 120.9 | 1.4004 .0182 1432.69 13.95 23
A3Eu+ 3 | 35713.0 | 1.0500 .0357 819.00 22.50 23, 26
Iz, 1 |36 212.7 .8260 .0205 650.40 17.03 36
B3z~ 3 | 49 363.1 .8190 .0110 700.36 8.00 . 23
Species Og*
X2Hg 4 0 1.6722 | 0.0198 | 1876.40 | 16.53 23
aty, 8 | 31 500 1.1047 .0158 | 1035.69 | 10.39 35, 23
A2my 4 | 38300 1.0617 .0191 900.00 | 13.40 35, 23
b4 Zg 4 | 48 100 1.2873 .0221 1196.77 | 17.09 35, 23
Species Oq~
an 4 0 1.200 | 0.016 1300.00 14.00 1
4Zu' 4 | 13 400 .970 017 990.00 15.00 1
2Au 4 | 24 200 .920 .027 560.00 13.00 1

*The following relations were used when necessary to convert from constants
given in the references to the constants in this table:

From reference 14,
Wo = We =~ WeXe
Bo = Be - %C"e

From reference 23,

gl (o)
v v, +(w WeXe) - [Fwe - FWeX
l (e)l 2%e "4%e%), " (7% " 1% eground,state
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TABLE HII.- MOLECULAR ENERGY LEVEL CONSTANTS - Concluded

Electronic | o v Be, O,
state 4 em-1 em-1 cm"1
Species NO
X2y | 2 0 | 1.7046 | 0.0178
X2l3/9 | 2 120.9 | 1.7046 | .0178
A2z + 2 | 44 200 1.9972 | .0193
B21 4 | 45 440 1.1260 | .0152
D25+ 2 | 53290 2.0026 | .0218
c2n 4 | 523176 2.0020 | .0300
E25+ 2 | 60 860 1.9863 .0182
B'2A 4 | 60020 1.3300 | .0190
Species NO*
x1z+ 1 0 2.002 | 0.0202
3 6 | 39982 1.680 .0190
3z+ 3 | 58523 1.330 .0160
31 6 | 72384 1.260 .0170
Aln 2 | 73083.8 | 1.587 .0240
Species CO
X1+ 1 0 1.9313 | 0.01748
a3, 6 | 48473.9 | 1.6810 | .01930
a'3z+ 3 | 55380.0 | 1.3310 | .01600
a3ty 6 | 61784.6 |1.2615 | .01700
Alm 2 | 64746.5 | 1.6116 | .02229
p3s+ 3 | 83831.0 | 2.0750 | .03300
Blz+ 1 | 86917.8 | 1.9610 | .02700
Species CO*
X235+ 2 o |1.9772 | 0.01896
A21y 4 | 20407.5 | 1.5894 | .01942
B2x+ 2 | 45633.5 | 1.7999 | .03025
Species CN
X235+ 2 0 1.8996 | 0.01735
A2 4 9 114.59 | 1.7165 | .01746
B2z + 2 | 25797.85] 1.9701 | .02215
Species COgy
1y 1 0 0.3906 | 0.0022

We,

cm'1

1904.03
1903.68
2374.80
1037.68
2323.90
2395.00
2373.60
1216.60

2371.10
1740.00
1220.00
1140.00
1608.90

2170.21
1739.25
1218.00
1137.79
1515.61
2198.00
2082.07

2214.24
1562.06
1734.18

2068.705
1814.430
2164.130

667.33
667.33
1342.86
2349.30

WeXe,

cm"1

13.97
13.97
16.46
7.603
22.885
15.000
15.850
15.880

16.35
14.50
9.50
7.60
23.30

13.461
14,470
9.500
7.624
17.2505
13.476
12.092

15.164
13.530
27.927

13.144
12.883
20.250

S O O O

Reference

23
23
35,37, 38
23
35, 37, 38
37, 39
23
37, 40

e e s

23
23
23
23
23
23, 26
23, 26

23
23
23

23
23
23

41, 26
26
26
26




T, °K

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

TABLE IV.~ RECIPROCAL MOLECULAR WEIGHT RATIO 1/Z AT p = 10p,

Reciprocal molecular weight ratio for
Og determined by —

" iee Rotating
summation| method | harmonic
0.99999 0.99999 0.99999
.99991 .99990 .99991
.99648 .99648 .99653
.96889 .96890 .96946
88423 .88426 .88625
15899 75903 .76146
.64610 64612 .64672
.56697 .56697 .56613
.52565 .52565 .52484
50856 .50956 .50912
.50348 .50348 .50324
.49928 .49929 .49904
.49057 49057 .48993
.46928 .46927 .46763
.43319 .43316 .43048
.39401 .39397 .39119
.36457 .36454 .36247

| .34679 .34678 .34549
.33653 .33653 .33578
.32469 .32469 .32444
31451 .31451 .31442
.30239 .30240 .30236
.28783 .28784 .28782
.27133 27134 .27133

Reciprocal molecular weight ratio for
Mars atmosphere determined by —
Direct Modified hgggtig:i%
summation method oscillator
1,00000 0.99999 1.00000
.99995 .99994 .99995
.99793 .99792 99785
.98168 .98168 .98200
93227 .93228 .93337
.85943 .85944 .86059
.79175 L9175 L79175
.14368 .74368 74296
.71841 .71840 LT1776
10553 .70553 10502
.69463 .69463 .69409
.67894 .67893 .67809
.65204 .65203 .65044
.61026 .61023 .60760
.56186 .56182 55875
: .52201 .52198 .51943
| 49675 .49674 .49505
| 48250 .48249 .48150
| 47403 .47403 .47346
| .46250 ,46250 .46229
i 45024 .45025 .45016
' 43405 .43405 43401
.41316 .41316 .41314
1 .38816 .38816 .38815

TABLE V.- RECIPROCAL MOLECULAR WEIGHT RATIO 1/Z

Reciprocal molecular weight ratio for
CO2 determined by —

. ey Rotating
oummation | 'method | harmonic
0.99929 0.99999 0.99998
.99817 .99818 .99819
.93099 .93100 .93180
.66194 .66196 .66251
.51185 .51185 .51163
.50067 .50067 .50065
.50000 .50000 .50000
49732 49732 49723
.46196 .46195 .46085
.37493 .37492 317359
.33694 .33694 .33660
.32519 .32519 32512
.31383 .31383 .31381
.29799 .29799 .29799
.217885 .27885 .27885
.25935 .25936 .25935
.24007 .24008 .24007
.22015 .22015 .22015
.20133 .20133 .20133
17748 .17748 17748
.16967 .16967 .16967
.16755 18755 .16755
.16675 .16675 .16675
.16573 .16573 .16573

Reciprocal molecular weight ratio for
Mars atmosphere determined by —
Direct Modified h%g:f)i:i%
summation method oscillator
1.00000 0.99999 1.00000
.99896 .99895 .99896
.96020 .96020 96065
79851 .79851 .79863
. 70670 .70670 .70656
.69919 .69919 .69916
.69166 .69165 .69154
.66188 .66185 66134
.58169 .58168 .58020
.50000 .49999 .49906
474117 .47416 .47396
.46424 .46424 46420
45222 .45222 .45221
.43486 43486 .43486
.41303 .41303 .41303
.38748 .38748 .38747
.35690 .35690 .35680
.32250 .32251 .32250
.29038 .29038 .29038
.25236 .25236 .25236
.24103 .24103 .24103
.23812 .23812 .23812
.23706 .23706 .23706
.23560 23560 .23559

Reciprocal molecular weight ratio for
air determined by —
. . Rotating
summation | 'method | harmonic

1.00000 1.00000 1.00000

1.00000 .99999 1.00000
.99995 .99994 .99995
.99898 .99898 .99897
.99245 .99244 199231
97070 .97070 .97010
.93003 .93003 .92868
.88675 .88674 .88513
.85725 .85725 .85594
83717 .83718 .83611
.81616 81617 .81503
.78669 .78668 78513
.74483 74482 .74251
.69182 .69179 .68865
.63513 .63509 .63149
.58539 .58536 .58203
.54944 .54942 .54687
.52687 .52686 .52516
.51334 .51334 .51226
.49815 .49816 .49774
.48583 .48584 .48566
.47014 .47015 47007
44909 .44910 .44805
.42272 .422173 42271 |

AT p=10"3,

Reciprocal molecular weight ratio for
air determined by —

" et Rotating
summation| 'method. | harmonic
1.00000 1.00000 1.00000
.99997 .99996 99997
.99527 .99526 .99522
924217 .92427 .92350
.83703 .83702 .83674
.82616 .82616 .82608
.80928 .80929 .80904
74550 74550 74445
.61895 .61894 .61708
.52994 .52994 .52905
.506'79 .50680 .50658
.50084 .50084 .50078
.49554 .49554 .49552
.48582 .48582 .48582
46797 .46798 46797
.43903 .43903 43903
.39903 .39904 .39903
.35369 .35370 .35369
.31309 .31310 .31309
.26821 .26821 .26821
.25560 .25560 .25560
.25245 .25245 .25245
.25154 .25154 .25154
.25105 .25105 .25105
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TABLE VL- NONDIMENSIONAL ENTHALPY H/ZRT AT p = 10p,

Nondimensional enthalpy for CO2
determined by —

T, °K " " Rotating
summation | ‘method | harmonic

1 000 -42.145 -42.146 -42.145

1 500 ~25.833 -25.833 -25.834

2 000 -17.428 -17.428 -17.431

2 500 -11.420 -11.420 -11.444
3 000 -5.6978 -5.6987 -5.7719
3 500 -.7837 -.7850 -.8709
4 000 2.3635 2.3624 2.3181
4 500 4.0026 4.0018 3.9862
5 000 4.6269 4.6260 4.6097
5 500 4.7607 4.7596 4.7365
6 000 4,7511 4.7499 4.7223
6 500 4,7571 4.7557 4,7281
7 000 4.9192 4.9178 4.9009
7 500 5.4042 5.4032 5.4143
8 000 6.1883 6.1881 6.2287
8 500 6.9307 6.9310 6.9779
9 000 7.3586 7.3591 7.3933
9 500 7.4931 7.4935 17.5135
10 000 7.4675 7.4677 7.4784
11 000 7.2814 7.2815 7.2845
12 000 7.1207 7.1208 7.1216
13 000 7.0382 7.0383 7.0386
14 000 7.0279 7.0279 17.0280
15000 | 70701 | _ 7070 |  7.0701

TABLE VH.- NONDIMENSIONAL ENTHALPY

Nondimensional enthalpy for COgy
determined by —

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
T 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

. Rotating
sugx;:ﬁon ]\gnogtﬁh;edd 2:;3&%&
-42.146 -42.146 -42.145
~25.711 -25.711 -25.7112
~14.090 -14.090 -14.135
.4408 4400 .4007
5.6320 5.6317 5.6236
5.6128 5.6123 5.5967
5.3698 5.3693 5.3507
5.2976 5.2970 5.2803
6.6559 6.6556 6.6846
9.7445 9.7447 9.7896
10.527 10.527 10.537
10.337 10.337 10.339
10.187 10.187 10.187
16.211 10.211 10.212
10.350 10.350 10.350
10.521 10.521 10.521
10.731 10.731 10.731
10.997 10.996 10.997
11.226 11.226 11.226
11.216 11.216 11.216
10.751 10.751 10.751
10.209 10.209 10.209
9.7215 9.7215 9.7214
9.3373 9.3373 9.3373

Nondimensional enthalpy for Mars
atmosphere determined by —

- Rotating
cummation | ‘methed | harmonic
-16.417 -16.417 ~-16.418

-9.3646 -9.3646 -9.3669
-5.7131 ~5.7132 -5.7179
-3.0679 -3.0681 -3.0839
-.5089 -.5095 ~.5478
1.7006 1.6998 1.6572
3.1398 3.1391 3.1144
3.8837 3.8830 3.8673
4.1656 4.1649 4.1469
4.2777 4.2768 4.2563
4.4007 4.3997 4.3799
4.6370 4.6360 4.6227
5.0822 5.0814 5.0846
5.7605 5.7602 5.7861
6.4690 6.4692 6.5065
6.9404 6.9407 6.9723
7.1225 7.1228 7.1426
7.1213 7.1215 7.1322
7.0424 7.0426 7.0482
6.8560 6.8561 6.8577
6.7409 6.7410 6.7414
6.7252 6.7252 6.7254
6.8014 6.8014 6.8015
6.9438 | 69438 |  6.9438

Nondimensional enthalpy for Mars
atmosphere determined by —

I <1 Rotating
summation | method | harmonic
-16.417 -16.417 -16.418
-9.3104 -9.3105 -9.3133
-4.2294 -4.2297 -4.2528
2.3606 2.3602 2.3429
4.7162 4.7159 4.7063
4.6951 4.6948 4.6810
4.7947 4.7943 4.7815
5.5822 5,5822 5.5823
7.7451 7.7451 7.7800
9.6303 9.6305 9.6540
9.7505 9.7505 9.7554
9.4809 9.4809 9.4818
9.3233 9.3232 9.3235
9.3340 9.3340 9.3341
9.4840 9.4839 9.4840
9.7714 9.7714 9.7714
10.227 10.227 10.227
10.778 10.778 10.778
11.230 11.230 11.230
11.378 © 11.378 11.378
10.910 10.910 10.910
10.346 10.346 10.346
9.8391 9.8391 9.8391
9.4445 9.4445 9.4445

Nondimensional enthalpy for air
determined by —

" s Rotating
sug;leaﬁon hxdx?gé:)%d g:zﬁ‘l:ﬁ;;
3.6305 3.6305 3.6248
3.7996 3.7995 3.7883
3.9605 3.9602 3.9435
4.1343 4,1338 4.1119
4,3766 4.3760 4.3508
4.7518 4.7511 4.7275
5.1963 5.1856 6.1771
5.4999 5.4992 5.4806
5.6036 5.6028 5.5797
5.6543 5.6533 5.6281
5.7818 5.7808 5.7579
6.0502 6.0492 6.0343
6.4680 6.4672 6.4654
6.9789 6.9785 6.9914
7.4674 7.4674 7.4903
7.8136 7.8138 7.8378
7.9701 7.9703 7.9888
7.9754 7.9756 7.9875
7.8979 7.8982 7.9051
7.6835 7.6836 7.6858
7.5204 7.5205 7.5213
7.4512 7.4513 7.4515
7.4719 17.4719 7.4720
7.55175 75575 | 7.5575 |

H/ZRT AT p=10-3p,

Nondimensional enthalpy for air
determined by ~

" s Rotating
suglx;i‘i'i:on I\:[no;:lti}fnl)ecld 2:3'1’13322
3.6305 3.6305 3.6248
3.8007 3.8005 3.7894
4.0851 4.0848 4.0697
5.6472 5.6470 5.6448
6.81'35 6.8132 6.8018
6.5580 6.5577 6.5410
6.6601 6.6597 6.6462
7.8841 7.8838 7.8910
10.179 10.179 10.209
11.265 11.265 11.280
10.993 10.993 10.996
10.511 10.511 10.511
10.140 10.140 10.140
9.9662 9.9662 9.9663
10.047 10.047 10.047
10.409 10.408 10.409
10.995 10.995 10.995
11.632 11.632 11.632
12.086 12.086 12.086
12.126 12.126 12.126
11.569 11.569 11.569
10.942 10.942 10.942
10.373 10.373 10.373
9.8831 9.8831 9.8831




1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

TABLE VIIL- NONDIMENSIONAL ENTROPY S/R AT p = 10p,

Nondimensional entropy for COg
determined by -

. ; Rotating
summation | 'méthod. | harmonic
30.066 30.066 30.066
32.810 32.810 32.810
34,973 34.972 34.971
37.408 37.408 37.388
41,071 41,069 40.992
45.899 45,896 45.763
50.769 50.767 50.658
54.813 54.811 54,752
57.404 57.402 57.341
58.815 58,812 68.729
59.727 59.724 59.624
80.576 60.572 60.468
61.796 61.792 61,714
64.019 64.017 64,025
67.615 67.614 67.749
71.885 71.887 72.097
75.564 75.565 75.754
78.120 78.121 78.248
79.828 79.829 79.904
82.195 82.195 82.220
84,368 84.367 84,371
86.837 86.836 86.840
89.742 89.741 89.743
93.120 93.119 93.120

Nondimensianal entropy for Mars
atmosphere determined by —

: . Rotating
cummation | 'method | harmonic
26.471 26.471 26.469
28.388 28.388 28.384
29.877 29.877 29.870
31.485 31.485 31.466
33.720 33.720 33.670
36.355 36.354 36.285
38.743 38.742 38.688
40,547 40.546 40.504
41.708 41,706 41.659
42,538 42,537 42.483
43.349 43.347 43.292
44.368 44,366 44,322
45.870 45.868 45.859
48.105 48.105 48.159
50.854 50.855 50.963
53.391 53.392 53.503
55,226 55.227 55.308
56.436 56.436 56.485
57.294 57.294 57.321
58.676 58.675 58.685
60.117 60.117 60.121
61.856 61,856 61.858
64.005 64.005 64.006
66.614 66.613 66.614

Nondimensional entropy for air
determined by —

™ Rotating
summation | 'methed. | harmonic
26.030 26.030 26.020
27.704 27.703 27.684
28.980 28.980 28.951
30.060 30.059 30.021
31.107 31.107 31.061
32.306 32.304 32.259
33.695 33.694 33.656
35.006 35.005 34.968
36.014 36.012 35.966
36.864 36.862 36.810
37.795 37.792 37.742
38.990 38,988 38.950
40.587 40.585 40.577
42.636 42,635 42,669
45.009 45.009 45,087
47.361 47.362 47.461
49.317 49.318 49.408
50,752 50.753 50.817
51.785 51.785 51.826
53.293 53.293 53.309
54,692 54.692 54,698
56.312 56.312 56.315
58.302 58.301 58.303
60.729 60.729 60.730

TABLE IX.- NONDIMENSIONAL ENTROPY S/R AT p= 10'3po

Nondimensional entropy for COg
determined by —

" Rotating
summation | 'method | harmonic
39.277 39.277 39.2717
42.104 42,104 42.103
46.753 46.752 46.714
60.765 60.763 60.685
72.395 72.394 72.362
74.344 74.342 74.287
75.338 75.337 75.271
76.502 76.500 176.435
81.504 81.502 81.568
94,987 94.987 95.185
102.79 102.79 102.85
105.87 105.87 105.88
108.91 108.91 108.92
113.01 113.01 113.02
118.16 118.16 118.16
123.96 123.96 123.96
130.53 130.53 130.53
138.33 138.33 138.33
146.85 146.85 146.85
160.02 160.02 160.02
165.73 166.72 165.73
168.28 168.27 168.28
170.06 170.06 170.06
172,05 172.05 172.05

Nondimensional entropy for Mars
atmosphere determined by —

. . Rotating
summation | ‘methed | harmonic
35.681 35.682 35.679
37.646 37.647 37.642
40.530 40.530 40.503
47.668 47.667 47.633
52.367 52.367 52.342
53.447 53.447 53.411
54.568 54,567 54,531
56.952 56.952 56.940
62.935 62.935 63.015
70.459 70.459 70.537
73.518 73.518 73.537
75.018 75.018 75.022
76.729 76.729 76.730
79.024 79.024 79.025
81.951 81.951 81.952
85.663 85.662 85.663
90.633 90.633 90.634
97.070 97.069 97.070
104.17 104,17 104.17
114.63 114.63 114.63
118.77 118.77 118.77
120.51 120,51 120,51
121.711 121.71 121.71
123.11 123.10 123.11

Nondimensional entropy for air
determined by —

" Rotating
cummation | 'method | harmonic
35.240 35.240 35.230
36.915 36.915 36.896
38.344 38.343 38.316
41.423 41.423 41.411
44.808 44.808 44,783
45.849 45.847 45.812
47.207 47.205 47.173
50.627 50.626 50.632
57.888 57.887 57.974
64,533 64.532 64.593
66,855 66,854 66.870
67.859 67.859 67.862
68.868 68.868 68.869
70.330 70.329 70.330
72.633 72.633 72.634
76.234 76.233 76.234
81.536 81.535 81.536
88.496 88.494 88.496
96.046 96.044 96.046
106.71 106.71 106.71
110.73 110.73 110.73
112.36 112.36 112.36
113.39 113.39 113.39
114.30 114.29 114.30
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TABLE X.- LOGARITHM OF DENSITY RATIO logjg £~ AT p=10p,

Logarithm of density ratio for COg
determined by -

Logarithm of density ratio for Mars
atmosphere determined by —

Direct Modified | [Botating
summation meth oscillator
0.43642 0.43640 | 0.43642
.26031 .26028 .26031
.13449 13447 .13450
.03046 .03043 .03060
-.07115 -.07118 | -.07064
17343 -.17345 | -.17284
-.26704 -.26707 | -.26704
-.34539 -.34543 -.34582
-.40617 -.40620 | -.40656
-.45542 -.45545 | -.45573
-.49997 -.50000 | -.50030
-.54465 -.54469 | -.54519
-.59439 -.59443 | -.59546
-.65311 -.65317 | -.65501
-.71703 -71709 | -.71944
- 77530 -T536 | -.77746
-.82167 -.82171 | -.82315
-.85779 -.85783 | -.85870
-.88775 -.88779 | -.88828
-.93985 -.93988 | -.94004
-.98930 -.98933 | -.08937
-1.0400 -1.0400 | -1.0400
-1.0936 -1.0936 | -1.0936
-1.1506 -1.1507 | -1.1507

Logarithm of density ratio for air
determined by —
sf3 Rotating
sunDlirxr‘x:Ctgon Bfnogt-‘lful)%d g:zﬁ‘l‘;’z(i)i
0.43642 0.43640 0.43642
.26033 .26031 .26033
.13537 .13535 .13537
.03804 .03802 .03804
~.04399 -.04401 -.04405
-.12056 -.12058 -.12082
-.19714 -.19716 -.19716
~.26898 -.26901 -.26978
~.32943 -.32946 -.33010
-.38112 -.38114 -.38167
-.42994 ~.42997 -.43055
-.48067 -.48071 -.48154
-.53661 -.53665 -.53797
~.59864 -.59869 -.60063
-.66380 -.66385 -.66629
-.72554 ~.72559 -.72804
~-.77789 -.77794 -.77992
-.81959 -.81963 -.82101
~.85316 -.85320 -.85408
-.90759 -.90762 -.90796
-.95626 -.95629 -.95641
-1.0053 -1.0053 -1.0053
-1.0574 -1.0574 -1.0574
-1.1136 -1.1136 -1.1136

TABLE XI.- LOGARITHM OF DENSITY RATIO logg £ AT p=10-3p,
o]

T, °K Direct Modified | Rotating
summation method oscillator
1000 0.43642 0.43640 0.43642
1 500 26029 .26027 .26029
2 000 .13386 .13384 .13389
2 500 .02476 .02474 .02502
3 000 -.09413 -.09414 -.09313
3 500 -.22740 -.22741 ~.22599
4 000 -.35533 -.35535 -.35491
4 500 ~.46322 -.46325 -.46387
5 000 -.54184 -.54187 -.54251
5 500 -.59673 -.596'16 -.59711
6 000 -.63974 -.63977 -.63994
6 500 -.67813 -.67816 ~.67835
7 000 -.71796 -.71800 -.71853
7 500 ~.76'719 -.76724 -.76872
8 000 -.82998 -.83004 -.83270
8 500 -.89748 -.89755 -.90059
9 000 -.95603 -.95609 -.95853
9 500 -1.0012 -1.0013 -1.0028
10 000 -1.0365 -1.0366 ~1.0375
11 000 -1.0935 -1.0935 ~1,0938
12 000 -1.1451 -1.1451 -1.1452
13 000 -1.1969 -1.1970 -1.1970
14 000 -1.2505 -1.2506 -1.2506
15 000 -1.3061 -1.3062 ~-1.3062
Logarithm of density ratio for CO2
determined by —
T, °K . e Rotating
summation | 'methed. | harmonic
1 000 -3.5636 -3.5636 -3.5636
1 500 -3.7405 -3.7405 -3.7405
2 000 -3.8957 -3.8957 -3.8953
2 500 -4,1407 -4,1407 -4.1403
3 000 -4.3316 -4,3316 -4.3317
3 500 -4.4081 -4.4081 -4.4081
4 000 -4.4667 -4.4667 -4.4667
4 500 -4,5201 -4.5202 -4.5202
5 000 ~4.5979 -4,5980 -4.5990
5 500 -4.7300 -4,7300 -4.7315
6 000 -4.8142 ~4,8142 -4,8146
6 500 -4.8643 ~4.8644 -4,8644
7000 -4.9120 -4.9120 -4.9120
7 500 -4.9644 -4.9645 -4.9644
8 000 -5.0213 -5.0213 -5.0213
8 500 -5.0791 -5.0791 -5.0791
9 000 -5.1375 -5.1375 -5.1375
9 500 -5.1986 -5.1986 -5.1986
10 000 ~5.2596 -5.2597 -5.2596
11 000 -5.3558 -5.3558 -5.3558
12 000 -5.4131 -5.4132 -5.4131
13 000 -5.4534 -5.4534 -5.4534
14 000 -5.4876 ~-5.4877 ~5.4876
15 000 -5.5202 -5,5203 -5.5202

Logarithm of density ratio for Mars
atmosphere determined by —

" es Rotating
summation | 'method | harmonic
~3.5636 -3.5636 -3.5636
~3.7401 -3.7401 -3.7401
-3.8822 -3.8823 -3.8820
-4.0592 -4.0593 -4.0592
-4,1915 -4,1915 -4,1915
-4.2630 -4.2631 -4,2631
~4.3257 -4.3258 -4.3258
-4.3960 -4.3960 -4.3964
-4.4978 -4.4979 -4,4990
-4.6050 -4,6050 -4.6058
-4.6658 -4.6658 -4,6660
-4.7097 -4.7098 -4.7098
-4.7533 -4.7534 -4.7533
-4.8003 -4.8003 -4.8003
-4.8507 -4.8507 -4.8507
-4.9047 -4.9048 -4.9047
-4.9653 -4.9653 -4.9653
-5.0328 -5.0328 -5.0328
-5.1006 -5,1006 -5.1006
~5.2029 -5.2030 -5.2029
-5.2607 -5.2607 -5.2607
-5.3007 -5.3007 -5.3007
-5.3348 -5.3349 -5.3348
-5.3675 -5.3675 ~5.3675

Logarithm of density ratio for air
determined by —~
. . Rotating
cummation | 'methed | harmonic
-3.5636 ~3.5636 ~3.5636
-3.7397 -3.7397 -3.7397
-3.8667 -3.8667 -3.8667
-3.9957 -3.9957 -3.9961
-4.1180 -4.1180 -4.1181
-4.1906 -4.1906 -4.1906
-4.2575 -4.2576 ~4.2577
-4.3443 -4.3444 -4.3449
-4.4709 -4.4709 -4,4722
-4.5797 -4.5797 -4.5804
-4.6369 -4.6369 -4.6371
-4.6768 -4.6768 -4.6768
-4.7136 -4.7136 -4.7136
-4.7521 -4.7522 ~4.7522
-4.7964 -4.7965 -4.7964
-4.8505 -4.8505 ~4.8505
-4.9168 -4.9168 -4.9168
-4.9927 -4.9927 -4.9927
~-5.0679 -5.0679 -5.0679
-5.1765 -5.1765 ~5.1765
-5.2352 -5.2352 -5.2352
-5.2753 -5.2754 ~5.2753
-5.3091 -5.3001 ~5.3091
-5.3399 -5.3399 -5,3399




T, °K

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

Electron 'number density for COg Electron number density for Mars Electron mumber density for air
determined by — atmosphere determined by — determined by —
" N Rotating . N Rotating " . Rotating
Direct Modified Direct Modified : Direct Modified
summation | method g:zfl’gg)‘; summation | method gg‘zﬁ‘gt‘;‘; summation method 2:€§f;’t‘:§.
0.114312 | 0.114412 | 0.113812 0.206113 | 0.206113 | 0.2065!3 0.311013 | 0.311113 | 0.312513
.140413 .140413 .139513 .165414 .165414 165414 2243214 243214 | 2 243614
.808513 .808513 198113 738114 738214 735814 107515 .107515 .107315
.292914 .292914 .288014 .222315 .222315 .220715 .323815 .323715 .321815
.925814 .925814 .915214 .522115 .522115 .517115 .160715 60718 | 753715
.287715 .287715 .286515 .104616 .104816 .103416 .150916 .150916 .149116
.864015 .864215 .866715 191916 .191916 .189716 2 263716 .263716 | 2 260016
.251316 .251416 .254116 .358216 .358216 .356316 .419016 .419016 .412116
.681418 .681716 .692016 133916 134016 137116 .629018 .628916 618016
.159717 .159717 .162017 .149417 149517 .150517 .941216 .941216 .927016
.315017 .315117 .318217 .274817 .274017 .276317 .146117 .146117 144717
.539017 .539117 .542117 .455217 .455317 .456717 .232017 .232017 .231617
.835017 .835117 .837517 697517 697617 698617 .368117 .368117 .367017
.121018 .121018 .121218 .101118 .101118 .101218 .564817 .564817 .563917
222418 .222418 .222518 .189118 .189118 .189118 119618 .119618 .119518
.360118 .360218 .360218 .314818 .314918 .314818 .222118 .222118 .222018
.529018 .529118 .529018 .478518 .478618 .478518 .369318 .369318 .369318
717418 717518 117418 673718 673718 .673618 .558418 .558518 558418
.910818 .910918 .910818 886118 .886218 .886118 776318 776418 776318
aRecomputed value (see text).
TABLE XII.- ELECTRON NUMBER DENSITY Ng AT p =10"3p,

T, 9K

1 000
1 500
2 000
2 500
3 000
3 500

4 000
4 500
5 000
5 500
6 000
6 500

7 000
7 500
8 000
8 500
9 000
9 500

10 000
11 000
12 000
13 000
14 000
15 000

TABLE XIl.- ELECTRON NUMBER DENSITY Ne AT p = 10p,
@.114312 means 0.1143 x 1012, etc_;l

@.18719 means 0.1871 x 109, etc.]

Electron number density for COg Electron number density for Mars Electron number density for air
determined by — atmosphere determined by ~ determined by —

. 5 Rotating " o Rotating " ) Rotating
sumimation | 'method. | harmonic | o DUeCt | Nodlla' | narmonic | o, 2Reton | Mmethod | harmonic
0.1871° 0.1871° 0.18629 0.553710 | 0.553710 | 0550210 0.822610 | 0.822610 | 0.817410
.313910 .313910 .314310 .265411 .265511 .263411 .393211 .3p3311 .390111
.530611 .530711 .537111 a 965111 965011 | 2 961111 .123112 .123212 121912
759412 .759512 169812 711312 711412 118612 .273012 .273112 .269512
.450613 .450713 .453013 .367713 .367713 .369113 .660612 .660312 .656912
.137714 .137714 .137814 .108514 .108514 .108614 .204813 204713 .204613
.318614 .318614 318714 .249214 .249314 .249314 .588713 .588813 .588613
621114 .621214 621214 .483814 .483914 .483914 .147014 .147014 .147014
.103915 .103915 | 103915 .807414 .807514 | 807414 .322214 322214 | 322114
.150015 .150015 .1500153 .117915 117918 117915 .626814 .626914 .626814
.191615 .191815 .191615 .157515 157515 .157515 .108715 .108715 .108715
228115 .228215 .228115 .201415 .201415 .201415 .167615 .167615 167615
.262315 .262315 .262315 .246815 .246915 .246815 .228515 228515 .228515
.290615 .200715 .200615 284215 .284315 .284215 .276415 .276415 .276415
.311915 .312015 .311915 .311915 312015 .311915 .310915 .310915 .310915
.300315 .300315 .300315 .300515 .30061% .300515 .300415 .300415 .300415
.280815 .280815 .280815 .280915 .28091% .280915 .280815 .280815 .280815
.262015 .26201% .262015 .262015 .262015 .262015 .261715 .261715 .261715
.246015 .246015 .246015 .246015 .246115 .246015 .244715 .244715 | 244715

aRecomputed value (see text).
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TABLE XIV.- RECIPROCAL MOLECULARRWEIGHT
RATIO 1/Z COMPARISONS FOR AIR

Reciprocal molecular weight ratio
determined by —

Modified Browne,
method reference 8
logyg £ = 0.600
Po
1 000 0.99999 | ------
2 000 99994 | -—----
3 000 .99280 0.99285
4 000 .94068 .94082
5 000 87337 .87329
6 000 .83443 .83452
7 000 .78713 718715
8 000 .71435 .71423
10 000 .56905 .56857
12 000 .51112 .51041
15 000 47765 471765
18 000 .43756 .43771
21 000 .39116 .39151
24 000 .35008 .35078
logio & = -3.000

1 000 0.99999 | ------
2 000 .99823 | —---e-
3 000 .88159 0.88168
4 000 .82595 .82604
5 000 .76420 .76418
6 000 .60076 .60067
7 000 .51580 .51578
8 000 .49956 .49960
10 000 .46274 .46292
12 000 .37815 .37847
15 000 .217861 .27872
18 000 .25576 .25578
21 000 .25097 .25098
24 600 .24168 .24170
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Gilmore,
references 1 and 5

TABLE XV.~- NONDIMENSIONAL ENTHALPY H/ZRT
COMPARISONS FOR AIR

Nondimensional enthalpy
determined by —

T, %K Modified Browne,
method reference 8
logyg 7;’; = 0.000
1 000 3.6305 | @ -----
2 000 3.9604 [ @ -----
3 000 4.3702 4.3724
4 000 5.0873 5.0867
5 000 5.4896 5.4898
6 000 5.5953 5.5932
7 000 5.9352 5.9335
8 000 6.5351 6.5342
10 000 7.3611 7.3650
12 000 7.2188 7.2254
15 000 6.8391 6.8410
18 000 6.7478 6.7568
21 000 6.7565 6.7790
24 000 6.6931 6.7261
loggg pL = -3.000
o
1 000 3.6305 [ @ -----
2 000 4.0058 | = -----
3 000 6.1284 6.1273
4 000 6.2603 6.2592
5 000 7.0640 7.0629
6 000 9.3453 9.3458
7 000 9.7384 9.7384
8 000 9.1929 9.1922
10 000 8.8180 8.8147
12 000 9.4072 9.4036
15 000 9.4986 9.5006
18 000 8.6410 8.6439
21 000 7.8908 7.8932
24 000 7.5887 7.5901

Gilmore,
references 1 and 5

3.630
3.962
4.371
5.088
5.488
5.501
5.932
6.531
47,490
7.224

6.709

6.616

3.630
4.007
6.127
6.263
7.061
9.346
9.744
9.196
8.813
9.399

8.650

7.609

aGilmore (ref. 5) notes that this value disagrees

with the value 7.380 from reference 2.
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TABLE XVI.- NONDIMENSIONAL ENTROPY S/R
COMPARISONS FOR AR

1 000
2 000
3 000
4 000
5 000
6 000
7 000
8 000
10 000
12 000
15 000
18 000
21 000
24 000

1 000
2 000
3 000
4 000
5 000
6 000
7 000
8 000
10 000
12 000
15 000
18 000
21 000
24 000

Nondimensional entropy determined by —

Modified
method

Browne,
reference 8

Gilmore,
references 1 and §

TABLE XVII.- ELECTRON NUMBER DENSITY Ng

COMPARISORS! FOR ATR

[0.182212 means-0.1822 x 1012, etc]

27.034 | ----- 26.83
20.290 | ---—- 29.29
30.997 31.000 30.98
33.042 33.042 33.03
34.906 34.906 34.91
36.242 36.238 36.25
37.903 37.898 37.88
40.308 40.305 40.32
45.857 45.872 45.74
49.005 49,034 49.00
51,781 51.783 ----
54.987 55.003 54.88
58.708 58.755 -——
62.327 62.396 62.09
logyg ;J"; = -3,000
33.942 | ----- 33.74
36.253 |  ----- 36.26
40.668 40.666 40.65
43.043 43.041 43.05
46.127 46.125 46.11
54.013 54.016 54.00
59.519 59.519 59.51
61.213 61.209 61.20
65.341 65.324 65.30
74.164 74.128 74.03
88.438 88.422 -—--
93.398 93.398 93.38
95.394 95.395 ----
98.811 98.809 98.93

Electron number density determined by —

T, °K Modified Browne, Gilmore,
method reference 8 | references Iand 5
log1g ‘-;"; = 0,000
1000 | --mmeee | mmmmmee S
2000 | ccmomom | emmeeee | caeges
3000 | 0.182212 0.180212 0.19512
4 000 304314 303814 32814
5 000 522615 521615 56215
6 000 301716 301116 32416
7 000 102417 102117 10917
8 000 265717 .264517 .28017
10 000 153818 153218 .15418
12 000 674618 672718 66918
15 000 302219 301519 | oo
18 000 798919 797119 79519
21 000 152220 151820 | oo
24 000 232420 231320 23520
logio ‘;-LO = -3.000
1000 | -----e- R .
2000 | —mmmmem | mmmmmee | omeee-
3000 | 0.559210 0.557110 0.60510
4 000 .343212 .342412 36912
5 000 .368013 .367213 .39613
6 000 .189914 .189314 19814
7 000 .108715 .108015 10815
8 000 .514115 .511015 .50315
10 000 .458216 .456216 45116
12 000 .175617 175117 17317
15 000 .429517 420417 [ ao
18 000 .515917 .515917 51617
21 000 .536017 536017 | oo
24 000 577117 577117 57917
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{a) Maximum v fromthe j =0 case, vpayx.

(wg - WeXa)Vv + (Bg - ae/2)j(j + 1)
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—

he

(b) Maximum j for agiven v, j(V)pay-

Figure 1.- Method for determining approximate vmax and jvipay for an excited electronic state of a diatomic species.
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Figure 3.- Variation with temperature of enthalpy of Np at p = pp determined by the direct-summation method and the
differences between results from the direct summation and other methods. Note that the difference scale is magnified.
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“The aeronautical and space activities of the United States shall be
conducted 50 as to contribuie . . . to the expansion of buman knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



